The Mars Exploration Rover mission successfully landed two rovers "Spirit" and "Opportunity" on Mars on January 4 th and 25 th of 2004, respectively. The trajectory analysis performed to define the entry, descent, and landing (EDL) scenario is described. The entry requirements and constraints are presented, as well as uncertainties used in a Monte Carlo dispersion analysis to statistically assess the robustness of the entry design to off-nominal conditions. In the analysis, six-degree-of-freedom and three-degree-of-freedom trajectory results are compared to assess the entry characteristics of the capsule. Comparison of the preentry results to preliminary post-landing reconstruction data shows that all EDL parameters were within the requirements. In addition, the final landing position for both "Spirit" and "Opportunity" were within 15 km of the predicted landing location.
ware based on vehicle deceleration measurements obtained from two Litton LN-200 Inertial Measurement Units (IMU); one mounted in the backshell is used in conjunction with another inside the rover. Deployment is nominally targeted at a dynamic pressure of 700 N/m 2 (occurring at approximately 244 s after entry interface) which corresponds to an altitude of ~9.5 km. The heatshield is jettisoned 20 s after parachute deployment. The lander descent along its bridle is initiated 10 s thereafter. At an altitude of 2.4 km above ground level (AGL), a radar altimeter acquires the ground. The radar altimeter, with its antenna mounted at one of the lower corners of the lander tetrahedron, provides distance measurements to the local surface for use by the on-board flight software to determine the solution time for firing the Rocket Assisted Deceleration (RAD) system (at ~120 m AGL). Airbag inflation occurs approximately 0.5 s prior to RAD firing. The objective of the RAD rockets is to zero the vertical velocity of the lander ~12 m above the ground. The bridle is then cut, and the inflated airbag/lander configuration freefalls to the surface. Sufficient impulse remains in the retrorocket motors to carry the backshell and parachute to a safe distance away from the lander. The MER landers entered Mars' atmosphere directly from their interplanetary transfer trajectories with inertial entry velocities of 5.63 km/s for "Spirit" and 5.70 km/s for "Opportunity". The nominal inertial entry flight-path angle selected for MER is -11.5 deg. For comparison, the MPF inertial entry flight-path angle was steeper having a value of -14.2 deg. The MER entry angle was chosen to be as shallow as possible to accommodate the entry mass, while still satisfying the requirement of maintaining a 1.0 deg margin between the 3-σ shallow and the skip-out entries. (Skip-out was defined as the steepest flight-path angle at which the time derivative of the trajectory radius first goes to zero. This situation occurs at a slightly steeper entry angle than a true flyby trajectory.) For MER, the skip-out boundary occurred at an inertial flight-path angle of -9.6 deg.
Hypersonic deceleration is accomplished utilizing an aeroshell. The MER aeroshell is based on the MPF design with only minor changes to increase inside volume (Fig. 2) . The aeroshell consists of a forebody heatshield and an aftbody backshell. The forebody shape is a Viking heritage 70 deg half-angle sphere cone. Prior to entry, the capsule (spinning at 2 rpm) is separated from the cruise stage. The capsule has no active control system, so the spin rate maintains its inertial attitude (targeted nominally for zero angle-of-attack at atmospheric interface) during coast. Throughout the atmospheric entry, the passive capsule relies solely on aerodynamic stability for performing a controlled descent through all aerodynamic flight regimes: free molecular, transitional, hypersonic-continuum, and supersonic. The capsule must possess sufficient aerodynamic stability to minimize any angle-of-attack excursions during the severe heating environment. Additionally, this stability must persist through the supersonic regime to maintain a controlled attitude at parachute deployment. Reference 4 provides a description of the MER capsule aerodynamics.
III. Trajectory Simulation

A. Entry Trajectory Requirements and Constraints
The MER atmospheric entry trajectory is designed to fit within an envelope of derived requirements and physical constraints based upon the lander hardware design. As such, for a successful landing, all entry requirements must be satisfied. Table 1 lists all the EDL requirements and their specific bound. A Monte Carlo dispersion analysis is performed to assess the satisfaction of these requirements.
B. Atmosphere Model
The atmosphere model utilized by MER in the entry trajectory design and analysis was the Kass-Schofield model. 5 This model was developed specifically for the two landing sites in an effort to predict the most accurate atmospheric properties that would be encountered during the actual landing times. This model takes into account variations in diurnal, seasonal, positional, and site topography to produce mean density, temperature, and pressure profiles, and their statistical perturbations. Figure 3 shows examples of 5 perturbed density profiles (as a percentage of the mean) produced by the Kass-Schofield model. Also, depicted are the ±3-σ bounds of the density variation. Similarly, another model was created using Mesoscale simulation techniques to predict winds that would be encountered at the two sites. 6 
C. Entry Covariance
Initial conditions at entry are obtained from orbit determination performed by the MER Navigation Team. Reference 7 gives an in depth description of the Navigation process during the cruise phase to Mars and the determination of the final arrival conditions prior to entry. The navigation accuracy obtained by MER yielded extremely small state errors upon Mars arrival for both landings. The 3-σ inertial flight-path angle error obtained for "Spirit" and "Opportunity" were ±0.01° and ±0.02°, respectively.
D. Cruise-Stage Separation
Based on the final cruise-stage and capsule mass properties, a statistical multi-body separation analysis was performed to predict separation attitude and attitude rates errors. The attitude errors predicted in pitch and yaw are ±1.7 deg and ±2.7 deg, respectively. The attitude rate errors predicted in pitch and yaw are ±0.4 deg/s and ±0.4 9 developed at the Jet Propulsion Laboratory (JPL). Both programs used the same LaRC-developed aerodynamics database (see Ref. 4) , which provided drag and other aerodynamic coefficients as a function of Mach number and capsule angle-of-attack. Also common between the two programs were the atmospheric density models, 5 mesoscale wind models, 6 and the spacecraft parameters. Both programs modeled descent configuration changes (heatshield separation, airbag inflation, etc.) and non-instantaneous parachute deployment and retro-rocket firing.
The POST trajectory analysis was performed modeling "six-degree-of-freedom" (6DOF) dynamics, in which all forces and torques on the spacecraft are included, from atmospheric interface to parachute deployment. During this portion of the entry, the full set of capsule aerodynamics and mass properties were incorporated into the simulation to accurately model the hypersonic descent. From parachute deployment to landing, "three-degree-of-freedom" (3DOF) dynamics were used, in which only the drag force is modeled and is assumed to act opposite the windrelative velocity vector. The POST trajectory simulation seamlessly transitions from 6DOF to 3DOF dynamics within a single continuous simulation.
The version of the AEPL program used for MER employed 3DOF analyses throughout. Since the MER entries were unguided and ballistic, the 3DOF results from AEPL agreed well with the POST 6DOF/3DOF simulation. AEPL was also used in maneuver design, in conjunction with the navigation cruise trajectory propagation and targeting programs.
F. Monte Carlo Dispersion Analysis
A Monte Carlo dispersion analysis is utilized to statistically assess the robustness of the entry design to offnominal conditions to assure that all EDL requirements and constraints are satisfied (see Table 1 ). The two simulations were employed for the MER project for independent verification of the results. Table 2 lists all the input variables that are randomly varied in the Monte Carlo dispersion analysis, along with their respective variance and distribution type. The analysis includes uncertainties in the initial state vector, capsule mass properties (mass, centerof-gravity, inertia), initial attitude and attitude rates, hypersonic aerodynamic coefficients, atmospheric density and winds, parachute drag, and drag of various terminal descent configurations. For both the simulations, 2000 random cases were run using the final navigation orbit determination solution for the entry state vector, along with its uncertainty (see Ref. 7) . The 3-σ inertial flight-path angle error obtained for "Spirit" and "Opportunity" entries were ±0.01° and ±0.02°, 7 respectively. Results from the 6DOF/3DOF and 3DOF simulations for the final pre-entry predictions are shown in Table 3 for "Spirit" and Table 4 for "Opportunity". The entry trajectory and attitude conditions are given at critical points during the descent, in terms of the statistical mean and 3-σ range. These results are the best apriori estimates of the expected entry conditions and their corresponding range. In general, there is excellent agreement between the two simulations. However, the 6DOF/3DOF results often have a larger variation than the 3DOF results. This outcome is due to the capsule rotational dynamics that are modeled in the 6DOF portion of the 6DOF/3DOF simulation in the hypersonic flight regime which alter the capsule drag coefficient due to changes in the total angle-of-attack (α T ) arising from uncertainties in the initial attitude/rate, mass properties, and the complete set of aerodynamics.
The pre-entry results indicate that all the entry requirements and constraints are satisfied and well within the limits. Note, due to an observed dust storm on Mars just weeks prior to arrival, the targeted parachute deployment dynamic pressure was increased from the 700 N/m 2 to 725 N/m 2 for the "Spirit" entry and to 750 N/m 2 for the "Opportunity" entry to raise the deployment altitude. This modification was made to hedge against the possibility of encountering a lower density profile than predicted which would reduce the parachute deployment altitude, and thus, the descent timeline from parachute deployment to RAD firing. Figures 4 and 5 show the scatter in the parachute deployment conditions for the two entries demonstrating that they are well within the requirements. The overall size of the landing footprints predicted prior to entry for "Spirit" and "Opportunity" were 73 x 8 km and 71 x 10 km, respectively. Reference 10 gives an in depth description of the landing footprint assessments during the final approach to Mars. Tables 3 and 4 are the trajectory conditions reconstructed thus far from the actual "Spirit" and "Opportunity" flight data obtained during their respective landings. The reconstruction effort is still ongoing, however, preliminary reconstruction results are shown for comparison to the pre-entry predictions. Accelerometer and gyro flight data were recorded during both descents and the parameters that can be reconstructed from this data set are listed. As seen, almost all the reconstructed parameters are well within the pre-entry predicted 3-σ variations. However, there are a few parameters that are near or slightly exceed the 3-σ variation bounds (e. g., time of and α T at parachute deployment).
Also listed in
For both the "Spirit" and "Opportunity" entries, the time of parachute deployment was later than predicted because a lower density atmosphere was experienced. Based on preliminary atmosphere reconstruction estimates, approximately an 8% lower density profile (correlating to roughly a 1-σ low profile) was encountered in the maximum deceleration region during the "Spirit" descent, while approximately a 12% lower density profile was encountered during the "Opportunity" descent. This greater reduction in the density profile for "Opportunity" (as compared to "Spirit") is consistent with the observed later time of parachute deployment. for "Opportunity".
The landing locations for both "Spirit" and "Opportunity" were within the pre-entry predicted footprint ellipses. "Spirit" landed 13.4 km downrange from its predicted landing location, while "Opportunity landed 14.9 km downrange from its predicted landing location. 10 The reconstruction work is ongoing in order to gain a better understanding of what transpired during the "Spirit" and "Opportunity" landings.
IV. Conclusion
The Mars Exploration Rover (MER) mission successfully landed two rovers on Mars. The entry trajectory design utilized and the definition of the appropriate trajectory dispersions were critical in the development of the entry, descent, and landing (EDL) system. Monte Carlo dispersion analyses were employed to statistically assess the robustness of the MER entry design to off-nominal conditions. Pre-entry analyses showed that the MER entry design satisfied all EDL requirements. Comparison of preliminary post-landing reconstruction results indicates that both entries were within the EDL requirements defined and the variations defined by the pre-entry Monte Carlo dispersion analyses.
